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t r a c t
Carbon-based nanoparticles such as graphene have many applications leading to their industrial production. Few-Layer Graphene (FLG) is thus likely to be found in the environment, and especially in rivers. In this study, the effect of FLG on the photosynthetic benthic diatom Nitzschia palea was assessed making distinction between the impact of a direct contact with FLG and a shading effect of FLG on diatoms. Growth inhibition of diatoms exposed to FLG at 50 mg L À1 was observed at 48 h of exposure associated with an increase in diatoms mortality. At 144 h, the growth rate was recovered. However, in shading condition, at 48 h of FLG exposure, a persistent growth inhibition was observed at 50 mg L
À1
. Microscopic observations and a monitoring of FLG concentration in the medium allowed to conclude that exopolymeric substances (EPS), naturally secreted by N. palea, strongly interact with FLG, sticking nanoparticles at the bottom of wells. Our results highlight the potential mechanisms of clarification of the water column by diatoms biofilms, by sticking FLG even at high concentration. Overall, these results suggest that one potential toxicity process of graphene could be a combination of direct and shading effect leading to a strong interaction between biofilm and nanoparticles.
Introduction
Nanotechnology is no more an emerging science and arouses more interest for few years. The interest for new nanomaterials is continuously growing [1] , sustained by very intensive research work in this field [2, 3] . Among the studied manufactured nanoparticles, graphene nanomaterial family (graphene and related materials), including Few Layer Graphene (FLG), is increasingly studied for its promising applications. FLG is a planar carbon-based particle which differs from bulk graphite by its nanometric thickness. This is the assembly of several monoatomic layers of carbon (graphene). Carbon atoms in each graphene sheet are bounded by sp 2 covalent bonds in a honeycomb lattice. The nanometric thickness of this material confers numerous interesting properties such as mechanical, electrical, thermal and optical properties [4e6] , which open new prospects and emerging applications in several sectors ranging from energy [7, 8] to the biomedicine [9, 10] .
Nevertheless, interaction of such particles with biological systems is in return difficult to predict and thus the emergence of FLG presents numerous environmental risks [11] . There is in fact a strong lack of information about effective quantities of carbonbased nanoparticles in circulation [1] and especially for graphene. FLG could be found in the environment at several steps of its life cycle and especially in aquatic ecosystems where most pollutants can be concentrated. The size of nanoparticles implies a great specific surface area, which plays an important role in the impact on organisms [12, 13] . Although many studies on the toxicology of nanoparticles have been carried out in vivo to date on model organisms such as rat but also in vitro on human cells [14, 15] , studies aimed to investigate the effect of graphene in the Environment are scarce.
Most of ecotoxicological studies were carried out on the effect of functionalized graphene such as graphene oxide. Several toxicological studies reported the impact of graphene oxide on plants [16] and bacteria discussing its antibacterial properties. A cytotoxic effect of these nanoparticles on Escherichia coli or Staphylococcus aureus was evidenced [17] . Hu et al. [18] reported a strong inhibition of E. coli (DH5a) growth in presence of 85 mg L À1 of graphene oxide. However, few years later, Ruiz et al. [19] observed an opposite effect with an increase in E. coli (JM109) proliferation exposed to the same range of concentration of graphene oxide. According to the authors, this growth activation might have been due to the use of graphene oxide as a growth scaffold, helped by an overproduction of EPS which could depend on the bacteria species. Nevertheless, only few studies have investigated the impact of FLG on organisms. Pretti et al. [20] investigated the impact of graphene mono layer flakes on several marine organisms and reported an inhibition of bioluminescence on the bioluminescent bacterium Vibrio fischeri with an EC 50 value of 2 mg L
À1
, but no effect on the crustacean Artemia salina. Several studies on Daphnia magna, a freshwater planktonic crustacean, demonstrated an accumulation of 14 C-labeled graphene in gut's organisms [21, 22] . Another study revealed no toxic effect of multi-functional graphene on zebra fish embryos even at 100 mg L À1 [23] .
Despite the low number of studies on algae, their crucial position in the aquatic food chain as primary producer and their important function in the carbon cycle [24] make them of particular interest for the assessment of contaminants effects [25] . Nevertheless, only a small fraction of the studies on graphene ecotoxicity was carried out on algae. A study on the green algae Raphidocelis subcapitata reported a shading effect caused by graphene oxide which contribute to reduce algal density [26] . Pretti et al. [20] showed that graphene mono layer flakes induced a growth inhibition on the unicellular algae Dunaliella tertiolecta from 1.25 mg L À1 of graphene. All studies carried out on graphene have shown a dose-dependent effect of this nanomaterial on biological systems without clear conclusion on the effects associated with shading or any direct toxicity [27] . The toxicity of nanomaterials on biological systems in the aquatic environment could be impacted by the presence of natural organic matter in the media. Thus, several recent studies aimed to understand fate and effects of graphene-based materials in the aquatic environment [28, 29] . Wang et al. (2016) [29] demonstrated that the presence of organic acids improved the stability of graphene nanoplatelets suspension but had also an impact on the toxicity of nanoparticles on a unicellular green algae Scenedesmus obliquus. These authors observed a hormesis effect of low organic acids [29] , implying the mitigating of graphene toxicity only at low concentration of organic acids resulting in a decrease of growth inhibition and oxidative stress on Scenedesmus obliquus.
Among algae, diatoms play a major role in the global primary productivity responsible at least of a quarter of the inorganic carbon fixed each year in the ocean [30] . Diatoms represent the main component of many photosynthetic biofilms during autumn and spring in freshwater [31] . These microalgae have the particularity to produce a cell wall, called frustule, composed of silica structure with different ornamentations. A particular feature of diatoms is their capacity to produce extracellular polymeric substances (EPS) mainly composed of polysaccharides and proteins [32] . The biofilm built with these EPS helps diatoms to adhere and grow on a substrate [33, 34] . EPS can also have a role in the protection against pollutants such as metals thanks to an accumulation of metals in the polysaccharide matrix of the biofilm [35] .
A recent study demonstrated original effects of carbon nanotubes (CNTs) on Nitzschia palea algae [36] . This study reported that CNTs caused a temporary growth inhibition linked to a shading effect without neither toxicity nor photosynthetic disruption. Furthermore, the authors highlighted the major role of EPS produced during the interaction between diatoms and nanoparticles.
In this study, the toxicity of FLG on the diatom N. palea (Kützing) W. Smith (N. palea) was assessed. The aim of this work was to determine the toxicity level of FLG on diatoms cells by studying three different endpoints such as growth inhibition, photosynthetic yield and cell viability. An original device previously developed by Verneuil et al. [36] was used. This device allows distinguishing the shading effect and the total effect (including direct contact and shading) of FLG on these benthic organisms. In addition, the interaction between the algal biofilm and FLG suspension has been investigated using complementary microscopic approaches. . A very small fraction of the powder was dispersed for 10 min by ultrasonic bath in ethanol, and few drops were deposited on a TEM grid (Lacey carbon). The structure was controlled by RAMAN spectroscopy on a Labram-HR800 (Horiba) using a laser at 633 nm in confocal mode (Â100 magnification, 100 mm hole, diaphragm D1, 20 s exposition, 10 accumulations). The chemical composition was analyzed by XPS (Ka ThermoScientific, monochromatic Al-Ka source).
Materials and methods
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To avoid misinterpretations in the potential FLG toxicity investigation [37] , the analysis of macro-, micro-nutrient and trace elements were conducted by incubation of 50 mg L À1 of FLG in the culture medium under stirring during 144 h. The mixture was filtered at 0.1 mm on a Minisart ® high flow polyethersulfone membrane (SARTORIUS-STEDIUM). Elements were quantified by inductively coupled plasma-optic spectrometry (ICP-OES, Agilent7500ce, Agilent Technologies, Palo Alto, CA) to check for a potential release by FLG.
Exposure conditions
The experimental device used in this study was the same as the one previously described by Pouvreau et al. [38] and Verneuil et al. [36] to distinguish the shading effect from the total effect (combined effect of direct exposure and shading) on algae exposed to nanoparticles. Experiments were carried out using experimental device where two 12-wells plates (COSTAR ® -3513, Corning Incorporated, Corning, NY) were superimposed on each other with a black film stuck around the wells on the upper one. The plates were surrounded by Parafilm ® to avoid medium evaporation, and then placed in an open-topped opaque box to allow light perception by diatoms only from the top aperture of wells.
Before the beginning of the exposure to FLG, lower plates of each device were inoculated with 1 mL of algal culture (2.5 Â 10 5 cells. mL À1 ) to establish the algal biofilm. These plates were then shaken in a culture room for 24 h of light at 120 mE. Then, to test the Total effect, 1.5 mL of a dispersed suspension of nanoparticles, at the appropriate concentration, were added into each well of the lower plates in order to obtain a final volume of 2.5 mL per well (corresponding to time 0). The final FLG concentrations were respectively 0.1, 1, 10, and 50 mg L À1 (FLG 50mg ). For the Shading effect test, 1.5 mL of FLG suspensions were placed in each well of the upper plates only. The wells which did not contain a final volume of 2.5 mL, were filled with SPE medium (2.5 mL in wells of the upper plate for the Total effect test and 1 mL in wells on the upper plate for the Shading effect test). Wells were monitored by sampling at 24, 48, 72 and 144 h. Each experimental condition was conducted in triplicate.
Effect of FLG on N.palea growth and viability
At the end of the incubation time, the contents of triplicate wells were scraped and homogenized. Algal concentrations were assessed performing two counts per well using a Malassez cell counter. Like in Verneuil et al. study [36] , the growth rates (r) was calculated from the following equation (with n 0 ¼ 1 Â 10 5 representing the number of cells per mL at the beginning of the exposure and n x ¼ the number of cells per mL after x hours of exposure to FLG).
Algal viability was determined at 48 h of exposure to FLG suspensions using SYTOX Green ® marking (Molecular Probes, Inc., Eugene, OR) [39] generally used on bacteria [40] but also on diatoms [41] . After scrapping, cells were incubated 10 min in SYTOX Green ® (100 nM) and then observed using a fluorescence microscope (BX-41, Olympus, Center Valley, PA) equipped with an Hg lamp (U-LH100HG, Olympus, Center Valley, PA) using a 470e490 nm/520 nm excitation/emission filter and a 500-nm dichromatic filter (U-MNB2, Olympus, Center Valley, PA). All injured or dead cells present an apparent green fluorescence of the nucleus whereas intact cells do not present any fluorescence (Invitrogen, Molecular Probes, SYTOX ® Green Nucleic Acid Stain). The rate of dead cells was determined by the following equation (T represents the rate of dead cells, n 48 ¼ the total number of cells counted 48 h after the beginning of the exposure and n d ¼ the number of counted dead cells)
Effect of FLG on photosynthetic activity
In agreement with Verneuil et al. [36] , the photosynthetic active radiations (PAR) received by N. palea were measured at 48 h of exposure, using a light-meter (Li-250 A light meter equipped with Li-COR Quantum sensor; Li-COR Biosciences, San Diego, CA). Before the measurement, the agitation of culture flasks was stopped and the sensor was placed between the two plates for each condition for the Shading test, and under the lower plate in Total exposure conditions. Measurements for the control condition were carried out under and between the two plates to compare PAR values in FLG exposure to the respective control value.
Pulse Amplitude Modulated fluorimetry (PAM) was carried out to assess photosynthetic activity of diatoms exposed to FLG using a Phyto-PAM (Heinz Walz GmbH, Effeltrich, Germany). After a strong light pulse, the photosystem II quantum yield (PSII) was obtained from fluorescence yield measured just before the saturation pulse and the maximal fluorescence yield. Then, the photosystem II quantum yield is the ratio of emitted photons and photons absorbed by chlorophyll after the illumination pulse. When the quantum yield is close to 0, photosystem II is strongly altered and photosynthetic activity is totally inhibited. This value rises when the photosystem II activity is increased (Phytoplankton Analyzer PHYTO-PAM and Phyto-Win Software V 1.45, System Components and Principles of Operation). Measurements were done 48 h after the beginning of the exposure to FLG for each triplicated condition, and after dark conditioning of well plates for approximately 10 min. A measurement was carried out on wells containing only FLG 50mg to control the impact of FLG on the Phyto-PAM measurement.
Assessment of FLG-Diatoms interaction and microscopy observation of N. palea biofilms
The interaction between FLG and diatoms was investigated at 6, 24, 48 and 144 h of exposure to FLG 50mg by combining (i) macroscopic observation of the wells, (ii) optical density measurements after sampling the water column, (iii) observation of the biofilm by stereomicroscopy, and (iv) observation of the biofilm by scanning electron microscopy (SEM).
A first macroscopic observation was carried out using a stereo microscope (SZX2-ILLT, Olympus Corporation, Â8 and Â56) to photography the full wells in the presence and in the absence of diatoms. After this, 1 mL of the supernatant (fraction called S, Fig. 1 ) was sampled to assess the FLG concentration in the shallow-depth part of the water column and the rest of the contents (fraction of 1.5 mL called S 0 ) was sampled to evaluate the sedimentation of FLG above the diatoms biofilm. The wells were rinsed once with 1 mL of SPE medium and a second macroscopic observation of the bottom of wells was performed. The percentage of FLG in the three compartments was calculated as follows (where %S and %S 0 represent the percentage of FLG quantity in the respective fractions S and S 0 , OD S , OD S 0 and OD i are the OD 800 value for the respective fractions S and S 0 and for the total fraction of the well, V s and V S 0 represent the volume of the respective fraction sampled S and S 0 , V tot is the total volume of the wells ¼ 2.5 mL, and % FLG stuck represents the percentage of FLG stuck in the biofilm):
The fraction S and S 0 removed from wells prior to stereomicroscopy were preserved for measuring the optical density measurement as previously described to assess the fate of carbon nanoparticles in the presence of algae [42] . To avoid chlorophyll absorbance, the optical density was measured at 800 nm (OD 800 ) in the fraction S and S 0 at 6, 24, 48 and 144 h of exposure to FLG 50mg using a spectrophotometer (Secomam Anthelie UV/Visible Light Advanced Spectrophotometer) for each condition. This OD 800 measurement was also carried out with only FLG 50mg in wells to confirm the absence of adherence of nanoparticles at the bottom of the wells. These measurements allowed to characterize the nanoparticles behavior in wells.
After collecting fractions S and S 0 , the wells were rinsed once with 1 mL of SPE medium and a second macroscopic observation of the bottom of wells was performed by stereomicroscopy. The collected images were analyzed with the "ImageJ" software ("ImageJ" 1.45s, Wayne Rasband, National Institute of Health, USA) using the "Analyze Particles" module to quantify the area covered by FLG adhered on diatoms biofilm. Wells containing only diatoms (0 mg L À1 of FLG) were considered to fix the threshold value for FLG detection with ImageJ software. At the cellular level, interaction between FLG nanoparticles and diatoms biofilm was observed for each condition by both light microscopy and SEM. For SEM analysis, glass coverslip were placed at the bottom of wells before inoculating cultures and exposing diatoms to FLG 50mg for 48 h. Then, samples were fixed and colored with Alcian blue (Sigma-Aldrich, Paris, France) directly in the wells following the Erlandsen's et al. [43] protocol with some modifications also used in earlier work by Verneuil et al. [36] . First, an incubation of 24 h in a solution of 0.1% Alcian blue in acetic acid (0.5 M), paraformaldehyde (2%), and glutaraldehyde (2%) buffered using sodium cacodylate (0.15 M) permitted samples fixation directly in wells. Then, wells were rinsed with a cacodylate buffer (0.15 M). A second fixation step consisted in a 2 h incubation in a solution of cacodylate buffer containing potassium ferro-cyanide (1.5%) and OsO 4 (1%) was conducted. Then, samples were rinsed again and dehydrated in an ascending ethanol gradient [50, 70, 80 , and 95%] each for 10 min and twice for 15 min in ethanol 100% before drying with N 2 . Glass coverslips were then placed on SEM mounts and platinum coated before observation (JEOL JSM-6700F, 3 kV, detection mode: Secondary Electron Imaging).
Statistical analysis
All statistical analysis were applied at a maximum level of 5% by a one-way analysis of variance (ANOVA) implemented using the statistical open source software ''R'' (SSR; R Development Core Team 2012, Bio-RAD, Charlottesville, VA) to detect a significant difference between the different conditions for the growth test, viability test and PSII quantum yield measures. This analysis was followed by Tukey HSD post hoc test to determine which conditions were different from the others. If data did not follow a normal distribution, equivalent non-parametric tests were run (KruskalWallis analysis of variance followed by Kruskal mc test post hoc). Thus, to estimate a correlation between FLG concentration and PSII quantum yield, a Kendall test was run. Furthermore, a correlation between PAR and the cellular density was tested to exclude the influence of the presence of diatoms at the bottom of wells on the PAR measurement running a Kendall test. Fig. 2 shows an example of FLG nanoparticles. From both Transmission Electronic Microscopy) TEM and XRD measurements (confirming an interlayer distance of 0.335 nm) the number of layers was estimated to be between 5 and 10.
Results
Characterization of FLG suspension
A small D band was observed at 1330.1 cm À1 in Fig. 3 . Its relative intensity (I D/G ¼ 0.1) was especially low in comparison to what is typically described in the literature using other routes (for example stronger oxidizing treatments of graphite followed by reduction). The low FWHM (17 cm À1 ) of the G peak at 1580.4 cm À1 also confirmed the good structural quality of this material. The atomic composition of the surface was mainly: C ¼ 94.5 at. % (284.1 eV), O ¼ 4.0 at. % (532.0 eV) (Fig. S2 ). Si accounted for 1.5 at. %, although nothing in sample preparation could explain the presence of this element. However, it may originate either from the adhesive carbon tape used to prepare the sample for XPS analysis, or from SiO 2 coming from the glassware used for sample processing. Oxygen may also come from residual humidity, XPS is also very sensitive to this.
The ICP-OES analysis did not reveal any difference between the medium culture without nanoparticles and the medium culture incubated with FLG 50mg (Table 1) , demonstrating the absence of release of metallic ions by FLG. Furthermore, no absorption of nutrients by FLG were demonstrated in this study which is a current observation in the bioassays testing nanoparticles of the graphene family nanomaterial [3] . Fig. 4 shows the growth kinetics curve of N. palea determined by cellular counting from 24 h to 144 h of exposure. For each experiment, growth rate was determined at 48 h, corresponding to the end of the exponential growth phase, and at 144 h of exposure, corresponding to the stationary period.
FLG effects on N. palea growth and viability
Diatoms growth rate calculated for the Total exposure and Shading conditions at 48 h and 144 h are represented in Fig. 5a and b, respectively. After 48 h of direct exposure (Total effect), FLG caused a decline of diatoms growth for both exposure conditions. The decrease in growth rate was significant only for diatoms exposed to FLG 50mg suspensions (Fig. 5a ) (p-value<0.05) reaching a minimum value of 0.3 ± 0.2. After 144 h of FLG exposure (Fig. 5b) , the inhibition totally disappeared whatever the tested concentrations (0.1e50 mg L À1 ). Then, at the end of the experiment, the average diatoms growth rate was about 9.2 ± 0.3. In the case of the Shading test, the growth rate was significantly lower than control only for the culture exposed to FLG 50mg (48 h: 5.1 ± 1.4, 144 h: 10.8 ± 0.2) at respectively 48 h (2.1 ± 0.4) and 144 h (6.5 ± 1.4) of FLG exposure. Shading effect at lower concentrations had no significant impact on diatoms growth. Fig. 6 shows the proportion of non-viable cells determined using SYTOX Green ® staining of dead cells. This graph outlines a similar impact, although not significant, of the toxicity between 0.1 and 10 mg L
À1
. In the control conditions, 2.9 ± 1.6% of the cells were non-viable, which was consistent with mortality values cited by Verneuil et al. [36] in similar incubations. At FLG 50mg exposure, the viability test revealed a significant (p-value<0.05) increase in toxicity with a diatoms mortality around 22.2 ± 2.2%.
Effect of FLG suspension on photosynthetic yield and PAR
PAR was measured at 48 h of FLG exposure (Fig. 7) . In the control condition, PAR was clearly higher than other study where diatoms are exposed to 45 mE [44] or 24 mE [36] . For both Total and Shading effect experiments, PAR decreased with the FLG concentration tested. Light intensity measured in shading condition was always higher than in total exposure due to the position of the sensor during the measurement which was placed between the two wells plates for the Shading test to assess exactly the shading provided by FLG. For total exposure, PAR decreased significantly from exposure to 50 mg L À1 of FLG with a PAR value of 25.7 ± 3.3 mE compared to the control 1 which exhibited a PAR value of 55.3 ± 3.4 mE. This decrease was also observed in shading condition where PAR remained stable from 0.1 to 10 mg L À1 and showed a significant decline only at 50 mg L À1 of FLG (46.0 ± 2.5 mE for FLG 50mg and 72.3 ± 3.9 mE for the control 2). [45] . The absence of impact of the presence of FLG on the PSII measurement was verified (data not shown). PSII quantum yield measured in total exposure conditions showed a slight decrease in chloroplast integrity from 0.1 to 10 mg L À1 of FLG where diatoms exposed to this range of concentration exhibited an average PSII quantum yield of 0.6 ± 0.1. A significant decrease in PSII quantum yield was observed only for diatoms exposed to FLG 50mg . Thus, a significant negative correlation between PSII quantum yield and FLG concentration (t ¼ À0.57; Z ¼ -2.78; p-value<0.05) was observed in the total exposure test. In shading condition, no significant difference in PSII quantum yield was observed between control and treated diatoms regardless of FLG concentration. PSII quantum yield values remained stable during the experiment for diatoms exposed from 0.1 to 10 mg L À1 of FLG, except for diatoms exposed to FLG 50mg , with an average of 0.7 ± 0.0. The interaction of FLG with the algal biofilm was investigated at 6, 24, 48 and 144 h of FLG 50mg exposure, using a stereo microscopy and SEM. This interaction was first quantified by monitoring FLG adhesion onto biofilm using stereo microscope, OD 800 and PAR (data not shown). Fig. 9 shows examples of collected stereomicroscopy images of FLG 50mg . These images allowed to observing the size and the structure of the agglomerates of nanoparticles in the absence (Fig. 9a and b) or presence of diatoms ( Fig. 9c and d) . In the absence of diatoms, the nanoparticles were agglomerated in the water column in the center of the wells without any sign of adhesion at the bottom of the wells. In the presence of diatoms, nanoparticles formed numerous scattered agglomerates at the bottom of wells onto the biofilm. Fig. 10 shows examples of collected SEM images of N. palea in control culture (Fig. 10a) and in cultures exposed to FLG 50mg (Fig. 10bed) . SEM allowed better observation at higher magnification of algal biofilm and the interaction with FLG at 48 h of exposure. SEM images evidenced the high affinity of FLG nanoparticles for the EPS. These images show that FLG nanoparticles were included in the EPS network (red arrows). Few FLG were also found directly on the surface of cells. The high magnification of SEM images allowed observing that FLG size was too large to enter into the cells by the pores of the frustules. Fig. 11a and b shows examples of pictures analyzed using "ImageJ" software at 6 h and 144 h of FLG 50mg exposure where a significant difference could be observed in the quantity of spot of nanoparticles stuck at the bottom of wells. The quantification of FLG adhesion onto the algal biofilm by densitometry analysis is shown in Fig. 11c (represented by white points) . An increase in FLG adhesion at the bottom of wells was observed from 5.8 ± 0.6% at 6 h to 18.0 ± 0.8% covering at 144 h in the presence of diatoms. Preliminary microscopic observations allowed verifying the absence of algae in the water column (data not shown).
The FLG concentrations in the two different fractions of the water column (S and S') measured by optical density and the deduced concentration of FLG stuck on the biofilm were expressed in relative percentage of FLG quantity. The dynamic of the FLG quantity in these three different compartments is presented in Fig. 11c . In the absence of diatoms, FLG quantity values indicated that FLG declined at shallow depth (fraction S) while it accumulated in the bottom of wells (fraction S'), but did not adhere to the plate. After 6 h, FLG in the bottom fraction of the well already accounted for 95.3 ± 0.4% of the total FLG quantity against 60% as the theoretical initial value. These data indicate that FLG underwent a sedimentation process within the water column, without any strong interaction with the plastic at the bottom of the well. In the presence of diatoms, FLG also sedimented, but in that case, FLG accumulated in the biofilm rather than in the bottom fraction of the water column (S'). Indeed, the amount of FLG stuck to the biofilm reached 71.4 ± 0.4% after 6 h and more than 98% at 144 h. At this time, the FLG in the water column was not detectable by OD 800 measurement. These results confirmed data derived from ImageJ analysis. 
Discussion
The aim of this study was to assess the global response of N. palea exposed to FLG measuring several standard endpoints (such as the growth rate, the algal mortality and membrane integrity) combined with a more original approach to characterize the and the interaction between the algal biofilm and nanoparticles. In this study a particular interest was assigned to the different effects of FLG distinguishing the shading effect which is a potential part of the total effect of FLG on N. palea.
Effect of total exposure on diatoms growth and viability
Diatoms growth and mortality were assessed for the Total and Shading effect test simultaneously. When cells were directly in contact with nanoparticles (Total effect), the exposure to FLG induced a dose-dependent inhibition which was significant only for diatoms exposed to 50 mg L À1 of FLG. Furthermore, the analysis of cell viability revealed a high percentage of mortality only for diatoms in contact with FLG 50mg at 48 h. These results suggest a real toxicity of FLG suspensions from 50 mg L
À1
. Alterations of the photosynthetic quantum yield (PSII yield) confirmed this toxicity leading to a significant decrease of 28% of photosynthetic activity for diatoms exposed to the highest concentration (50 mg L À1 ).
Nevertheless, this decline is not due to a shading effect because in this condition quantum yield was not affected (Fig. 8) . This inhibitory response of diatoms PSII yield could be caused by the contact with FLG nanoparticles as shown by the negative correlation between PSII yield and FLG concentration observed only in direct exposure, meaning a negative effect of FLG on photosynthetic activity. These results could suggest that direct physical interaction between FLG and diatoms lead to frustule damages and a loss of plasma membrane integrity. These physical disruptions were already observed in presence of graphene oxide and CNTs on E. coli [46, 47] , observed with SEM and TEM, leading to cell damages and morphological alterations. Thus, OD 800 values in the absence of diatoms allowed to confirm that FLG nanoparticles sediment at the bottom of the wells leading to a contact with the biofilm. This contact may be at the origin of toxic effects on cells at high concentration. In view of the dimensions of FLG, a shearing effect could be hypothesized. Then, chloroplast alterations and inhibition of PSII yield could be a consequence of diatom cell damages.
The FLG toxicity, like other nanoparticles may result from numerous factors: damage by direct contact as previously observed [48] and mentioned in a previous paragraph, but also reactive oxygen species (ROS) production [49, 50] . ROS generation can be caused either by direct contact and/or indirect effects, associated with the physico-chemical properties of the materials, the functionalization of the surface and/or the release of toxic elements, involved in the nanomaterial synthesis processes. In many cell types, ROS generation is generally associated to plasma membrane disruption and mitochondria alteration [50] . Today, little is known about toxicity pathways for graphene in general and FLG in particular. However, it has been suggested that because of their similarity to carbon nanotubes, oxidative stress may be an important pathway in the graphene family effects [3] .
Several works focusing on the study of carbon nanoparticles revealed that their toxicity was associated with the presence of exogenous compounds as metal ions, used as nanoparticles catalyzer for example [51e53]. FLG was not grown catalytically and do not contain residual metal catalysts. However, a related contamination due to its mode of dispersion by ultrasonic probe may be at the origin of the presence of metals. So, the analysis of numerous trace elements were conducted by incubation of 50 case, the biological consequences could be a micronutrient depletion [54] . The analysis of nutrient composition of diatom culture medium in presence and absence of 50 mg L À1 FLG has shown no significant differences. So, in this work, growth inhibition and cell mortality at 48 h were not associated to release and/or sorption processes but support a direct effect of FLG on diatom cells. The growth recovery observed at 144 h of total exposure might signify a decline or an absence of toxic effect of FLG on diatoms at this time. These results support the hypothesis that the pressure of the toxic agent is mitigated. Growth recovery was also observed by Verneuil et al. [36] when diatoms were exposed to CNTs. These results suggest the implementation of a protection process limiting interaction with FLG allowing the growth over the biofilm containing the nanoparticles. These results underline the capacity of diatoms to recover their growth even after a strong initial perturbation. This capacity can be related with the biofilm development. Brouwer et al. [55] reported that EPS production had a major role in the biostabilization, reducing potential for erosion, and the matrix can be considered as a microbial recycling storage. But it is not the only benefits of EPS matrix, which can confer a protection against trace elements and biocides even at high concentrations [56] .
Shading effect of FLG
In shading condition, growth inhibition was observed at 48 h of FLG 50mg exposure without a growth recovery at 144 h. These results revealed that the presence of FLG 50mg in the upper plate strongly inhibited diatoms growth until 144 h of exposure. In this condition, an effect which is not a contact one is stated. An exposure to FLG 50mg promotes a shading effect which is too high and does not permit a growth recovery because (i) of a significant PAR deficit (Fig. 7) , and (ii) cells and EPS are not in contact with nanoparticles and then cannot interact with them. As shown by Pouvreau et al. [38] when the light intensity is not enough, the algal growth is altered. Therefore, growth inhibition observed in direct contact condition at 48 h of exposure is due to a combination of toxic and shading effect. Combined effects (contact and shading) on cell growth in presence of CNTs was also demonstrated by Long et al. [57] and Schwab et al. [58] on Chlorella sp. However, shading effect did not result in a significant diatom mortality even at the highest FLG concentration tested in the present study. Shading effect was also observed with the exposure of other brown algae such as Fucus serratus to carbon black nanoparticles [59] .
Contrary to carbon nanoparticles, metal oxide nanoparticles can cause an opacification of the culture medium without shading effect on organisms reported [60, 61] . The most studied nanoparticles were cerium dioxide (CeO 2 ) and titanium dioxide (TiO 2 ). These kinds of nanoparticles lead to milky suspensions and present an absorption spectra only in the UV-range [62] . Some cytotoxic effect of metal dioxide nanoparticles were demonstrated on green algae, daphnia and bacteria [63e65] but no toxic effect were observed on photosynthetic activity and no shading effect was recorded for CeO 2 nanoparticles on diatoms [66] . Overall, the shading effect seems to be specific to carbon nanoparticles, as a result of their black color. Thus, carbon-based nanoparticles appear to automatically promote shading effect on benthic and pelagic organisms. In this study, the results show that the shading did not significantly alter the photosynthetic activity at low FLG concentrations. The photosystem II activity was slightly but significantly promoted at high FLG concentration only. The presence of TiO 2 or ZnO 2 nanoparticles was previously shown to increase the chlorophyll synthesis in several photosynthetic organisms [67, 68] which can be considered as a response to a photo-induced stress. This shading can alter physiological activity of photosynthetic organisms such as the reproduction or the fertilization process. The increase of the photosynthetic activity in shading exposition suggest that N. palea invested more energy in chlorophyll synthesis which represent the main source of energy in these cells. In these conditions, the energy allocated to cell division was reduced.
Investigation of the interaction between diatoms biofilm and FLG suspension
The interaction between algal biofilm and FLG nanoparticles was investigated by microscopic observation but also by a monitoring of OD 800 of the supernatant. Wells observations at FLG 50mg exposure has shown that, in the absence of diatoms, FLG nanoparticles were agglomerated in the center of the wells and did not adhere at the bottom of the plate even if a sedimentation phenomenon could be observed ( Fig. 9a and b) . Nevertheless, in the presence of diatoms, carbon nanoparticles formed numerous heterogeneous agglomerates stuck at the bottom of the wells (Fig. 11a,  b, c) . These observations support a real interaction between algal biofilm and nanoparticles, leading to the formation of large agglomerates of nanoparticles at the bottom of wells. Furthermore, FLG adhesion rate onto diatoms and the monitoring of OD 800 in the water column suggested a transfer of FLG from the water column to the bottom of wells. As a result, most nanoparticles for the exposure concentration of 50 mg L À1 were found stuck at the bottom of the wells because of a strong interaction with algal biofilm. This sticking was not due to the adherence of nanoparticles alone at the bottom of wells. Furthermore, SEM observations ( Fig. 10) provide an evidence of a strong agglomeration and adherence of FLG on the EPS network secreted by diatoms. The data derived from the monitoring of FLG concentration in the water column and from microscopic observation were in agreement. The sedimentation process undergone by FLG in the water column, which was associated with the sticking promoted by EPS secreted by diatoms, as previously described [34] .
It is well known that Nitzschia palea diatom species can be found in contaminated or eutrophic medium [69] . This species presents a strong resistance capacity which can be related with the biofilm production. It was reported that the secretion of EPS by the marine diatoms Thalassiosira weissflogii [70] increased in the presence of Ag nanoparticles and reduced its toxicity [71] suggesting that EPS can be involved in a detoxification process by this diatom. Furthermore, the secretion of polysaccharides in the medium seems to be a defense mechanism of algae against heavy metals [35, 72] . More recently, Verneuil et al. [73] also demonstrated the role of EPS production in diatoms cultures exposed to CNTs. The authors reported the high proportion of hydrophobic proteins in EPS, which represent the primary part of extracted EPS. Otherwise, extracellular DNA was identified as another component of EPS during the biofilm development which can be a structuring element of algal biofilm [56, 74] . Tong et al. [75] reported that the presence of extracellular DNA appears to play a role in the initial adhesion and the biofilm formation of Reinheimera sp. F8, Pseudomonas sp. FW1, Microbacterium sp. FW3 and Serratia sp. FW2 and especially during the exponential growth phase. A strong affinity between nucleic acids and graphene has been previously reported [3] and supports the possible involvement of extracellular DNA in EPS and FLG interaction.
Conclusion
Exposure of N. palea to FLG clearly promotes a negative cellular response at high concentration with a dose-dependent growth inhibition and an effective short-term toxicity. The frustule appears to be an efficient barrier preventing the FLG cellular uptake but it is not sufficiently resistant to the physical interaction, which can be a potential cutting effect, of FLG nanoparticles. In this paper, we demonstrated that the cytotoxicity is caused by a negative impact of both the direct contact of cells with nanoparticles but also a shading effect. This indirect effect was only observed with dispersed CNTs. Shading seems to be specific to carbon-based nanoparticles. EPS secretion appeared to be a key process in the response of diatoms resulting in the clarification of the water column. This process allows reducing contact opportunities between FLG and diatoms which can recover a normal growth after 144 h of exposure. Then, the clarification of the water column by N. palea results in physical interactions with FLG. To go further, an assessment of the composition of the EPS secreted while diatoms are exposed to different carbon-based nanoparticles could be the next step to determine the specificity of the response induced by N. palea. Beyond the proper response of N. palea to FLG exposure, our results have ecological implications. FLG sticking in the biofilm is likely to mitigate its ecotoxicity not only towards N. palea but also towards other organisms in aquatic ecosystems, including pelagic organisms. Despite the absence of toxic effects at low concentrations on N. palea, toxicity effects might occur for upper organisms in the food chain. Indeed, the sticking of FLG in the biofilm results in the concentration of nanoparticles in the biofilm which can be ingested by grazers. These organisms would be exposed to higher concentration which could lead to toxic effects.
